Pulmonary Embolism (PE) is one of the most common causes of unexpected death in the US. The recent introduction of 16-slice Computed Tomography (CT) machines allows the acquisition of very high-resolution datasets. This has made CT a more attractive means for diagnosing PE, especially for previously difficult to identify small subsegmental peripheral emboli. However, the large size of these datasets makes it desirable to have an automated method to help radiologists focus directly on potential candidates that might otherwise be overlooked. We propose a novel method to highlight potential PEs on a 3D representation of the pulmonary arterial tree. First lung vessels are segmented using mathematical morphology techniques. The density values inside the vessels are then used to color the outside of a Shaded Surface Display (SSD) of the vessel tree. As PEs are clots of significantly lower Hounsfield Unit (HU) values than surrounding contrast-enhanced blood, they appear as salient contrasted patches in this 3D rendering. During preliminary testing on 6 datasets 19 PEs out of 22 were detected (sensitivity 86%) with 2 false positives for every true positive (Positive Predictive Value 33%).
INTRODUCTION
Pulmonary Embolism (PE) occurs when a blood clot obstructs a pulmonary artery. This life threatening pathology is common, with an annual incidence rate of between 23 and 69 per 100,000. It has been estimated that PE causes the death of up to 60,000 people per year in the US alone, making it one of the most common preventable causes of death in hospitals. The standard treatment for PE is anticoagulant drugs to dissolve the clots.
PE is a difficult disease to diagnose clinically since many other conditions share the same symptoms. 1 Many patients with PE are never studied and the majority of patients suspected of having PE do not have the disease. [2] [3] The prompt and accurate diagnosis is of major concern because untreated PE is potentially fatal, while overdiagnosis may lead to unnecessary interventions, including unnecessary anticoagulant treatment with its independent risks of morbidity and mortality.
Although ventilation-perfusion scintigraphy is frequently employed, it remains an indirect method for assessing the presence of clot. Pulmonary angiography has long been considered the "gold standard" for diagnosing PE. Despite its relative safety, this procedure is still associated with definable morbidity and expense. In addition, considerable interobserver variability has been documented, especially in the diagnosis of small, subsegmental pulmonary emboli -those of greatest concern when interpreting CT angiograms (CTA). 4 Unlike pulmonary angiography, CTA is easily performed, rapid and non-invasive. As intravenous contrast material does not penetrate clot, CT allows the direct visualization of clot obstructing a vessel or blood streaming around a partially occluding embolus. Recent studies have shown that CTA has better sensitivity, selectivity and inter-observer agreement than other diagnostic methods, including ventilation perfusion scintigraphy as well as routine pulmonary angiography. [4] [5] [6] [7] [8] In particular, in a recent animal study with absolute ground truth validating the presence of clot, it has been shown that * eric@ece.gatech.edu the angiography "gold standard" yields both false positive and false negative interpretations, with a sensitivity and positive predictive value comparable to CT. 9 The introduction of 16-slice CT machines, allows the acquisition of near isotropic datasets, typically 0.5 mm in all directions. This has made CT a still more attractive means for diagnosing PE. However these datasets are very largetypically on the order of 512 3 voxels -which puts a heavy burden on radiologists. To this end, there has been some preliminary work in developing algorithms for automatic detection of pulmonary emboli from CT. [10] [11] In this paper we propose a novel method to highlight potential PEs on a 3D representation of the pulmonary arterial tree. Section 2 reviews some background on signed distance maps. We show in section 3 how these maps will be used to implement morphological operations during the segmentation process, and also how they are used to determine correspondences between points on the outer surface of the arterial tree and points inside the arteries. These correspondences will be used in the proposed scheme to color the surface of a 3D rendering of the arterial tree, thus revealing inside structures such as PEs. In section 4 we show preliminary results on synthetic and real datasets.
SIGNED DISTANCE MAPS
In this section we briefly review the theory of Signed Distance Maps (SDM) and their relation with standard mathematical morphology primitives. 12 Consider an object S in 3D space * and its boundary S ∂ . The SDM corresponding to S is the map: Efficient computation of distance transforms is still an active research topic and different approaches have been proposed. 13 In this work we will use the fact that S D is the solution of the Eikonal equation:
which can be efficiently solved using the Fast Marching algorithm initially developed for curve and surface evolution. The algorithm is initialized by setting S D to 0 on the boundary S ∂ , and marching away in the normal direction with unit speed.
14-15
* This theory and our approach extend to any dimension, although for this work we concentrate on 3D. Some figures are in 2D for clarity.
A very interesting property is that the level sets of D S correspond to the erosions and dilations of S with a Euclidean ball of corresponding radius. For example, a threshold of +2.0 will correspond to a dilation with a ball of radius 2.0. A threshold of -1.0 will correspond to an erosion with a ball of radius 1.0. Figure 2 shows examples. Once the SDM is computed, the cost of a morphological operation does not depend on the size of the structure element. This is particularly useful if we want to use large spheres. This subject is covered in greater detail elsewhere. [16] [17] Another interesting property 18 is that the shocks of S D (the points for which the Eikonal equation is not respected) ∂ and points of S. A simple interpretation is that every point of S is associated with the nearest boundary point on S ∂ . Conversely, every point on S ∂ is associated with a set of points in S, namely those that fall on the shortest path from the medial axis M S . The distance criteria ensures that the ascent of S D will not take place along the medial surface (which could be an ascending path on S D , an example is the axis of a cone in 3D) . This is equivalent to forcing the path to be a straight line. Section 3.2 contains further details on this algorithm.
ALGORITHM
In our algorithm, we begin by segmenting lung vessels using mathematical morphology techniques. The inner graylevel values of the vessels are then used to color the outside of the vessel tree. More precisely the color of every surface element will reflect the values of interior voxels that form a path to the corresponding interior-most part of the vessel as proposed in the previous section. Because PEs are clots of significantly lower Hounsfield Unit (HU) values than surrounding contrast-enhanced blood, they appear as salient contrasted patches in this 3D rendering.
Segmentation
The segmentation proceeds in two steps. We first obtain the segmentation of the lungs and trachea. Next, we use this segmentation as a mask for the segmentation of the arteries within the lungs. In the remainder of this paper, we refer to the original volume as V, the segmented volume of the lungs as M, and the segmented volume of the arteries as S. Additionally, given the voxel location x, its value within the volume V is referred to as V(x). All voxels within the segmented volumes either have binary values of 0 for outside of the segmentation and 1 for inside of the segmentation.
Coarse segmentation of the lungs
In this section we describe a simple method based on mathematical morphology to create a segmentation of the lung region M, encompassing the pulmonary arteries and veins. Since this segmentation is used as a mask for the arterial segmentation, we refer to it as the lung mask.
We start by segmenting air inside the lungs using region growing: starting from one seed (for example in the trachea) all contiguous voxels of intensity lower than a fixed threshold are added to the segmented volume. The threshold is set high enough to penetrate the airway walls, enter the parenchyma, and fill the lung. Note that this threshold does not cause the segmentation to reach outside of the lungs since the chest wall is usually well defined. Figure 4 shows the segmentation. We then perform a dilation and an erosion via Euclidean spheres, as shown in Figure 5 . We use a slightly larger sphere for the erosion (12mm) than for the dilation (10mm). The effect is that the resulting mask is slightly inside the lungs. This will ensure that we will not later accidentally classify part of a rib as an artery. In addition, the dilation fills in cavities of the lung mask. These cavities are mainly due to arteries and veins that must be included in this mask.
All of these morphological operations are performed fully in 3D and take into account any anisotropy of the dataset. They are implemented using distance maps as described in the previous section.
Even though this mask is generated mainly as a pre-processing step towards the segmentation of the arterial tree, we also use it during rendering to give the physician anatomical context as demonstrated in Figure 6 . 
Segmentation of the pulmonary arterial tree
This section describes the segmentation of the arterial tree base to produce the volume S. Using the previously generated lung mask M, we threshold the dataset for everything inside the lungs that is not air, and discard the smallest connected components. Specifically, given the minimum threshold T at which the arteries are visible, any voxel x in V such that V(x)>T and M(x)=1 will be included in the segmentation S. All other voxels x will be excluded, i.e. S(x)=0. Currently a limitation is that veins are segmented along with arteries. The results are shown in Figure 7 .
Surface rendering of volumetric data
The values inside the vessels are then used to color the outside of the 3D Shaded Surface Display (SSD) of the vessel tree. When the 3D display is rendered, the color of every surface element is calculated from the voxels along the path from that surface element towards the medial axis of the artery. Since PEs appear as clots of significantly lower density values than surrounding contrast-enhanced blood, paths that pass through PEs will have lower values than those passing through unblocked arteries. In turn the 3D rendering of the entire arterial tree will show clots as patches of obviously different density. This allows for a novel method to map 3D data onto a 2D surface, hence combining the advantages of surface rendering and 3D data analysis. The following is the algorithm used to compute the path to the medial axis from a surface voxel b of the vessel segmentation S. This path is simply a list of voxels from the surface to the medial axis and is determined by the steepest ascent to the central most portion of the vessel. The conditional in Step 3 prevents the path from continuing along the medial axis.
For all voxels b of S ∂ 
RESULTS
We have evaluated our method on both synthetic data and real patient data to demonstrate that the method is feasible and useful.
Synthetic dataset
To illustrate the concept, we constructed a simple 3D digital simulation of branching vessels. HU values are 200 for "contrasted blood" and 50 for 2 spherical "Pulmonary Emboli" that were inserted into the data. We then added noise (uniformly distributed in [-100, 100]). The resulting simulation is shown in Fig 8a . Along each path towards the defined medial axis (see Fig 3b) there will be a range of density values. There are several ways to summarize these values into one. The arithmetic mean is used in Figure 9a . In the case of PE detection we are more interested in lower values, and therefore the 1 st quartile on the path might also be used as shown in Figure 9b . The minimum value can also be employed as shown in Figure 9c .
In Figure 9a -c, the SSDs visualizing the outside of the artery readily show both clots inside the synthetic artery. In the original image the clots show as dark patches within brighter areas of contrast-filled blood. However for the purposes of gray scale rendering, the visualization is inverted, with lower CT values rendered as brighter patches. Because PEs manifest as clots of significantly lower HU values, one could argue that coloring using the minimum value will yield the best representation. In that case it is enough that the path from the surface of the arterial tree to the medial axis cross only one voxel of a PE for the color of the corresponding surface element to be set to that dark value and produce a salient patch. This is illustrated in figure 9c where the 2 artificial PEs are very clearly visible. However this representation is very sensitive to noise. Another possibility is to use the mean value on the path as shown in Fig 9a. This produces more moderate results: patches are less visible, but the representation is much more robust to noise. However in real CT datasets, the contrast agent is not as uniformly distributed as in our synthetic example, and areas of exceptionally high contrast may appear adjacent to clots. In these cases averaging smoothes away the useful information.
Using the 1 st quartile of the values on the path to the medial axis is a good tradeoff between these two extremes. At least 25% of the voxels on the path will have to be significantly darker for the visualization to be affected, and high HU values are not taken into account. This addresses both the problem of isolated spurious dark voxels due to noise, and that of regions of high concentrations of the contrast agent in the blood flow.
Real datasets
In our preliminary experiments we used multi-slice CT datasets of 6 patients referred for possible PE. Three of the patients were negative (no pulmonary emboli at all) and 3 of them were positive. The positive patients had multiple PEs. An experienced radiologist marked PEs in the data using conventional soft-copy reviewing of 2D slices. Altogether 22 PEs in 3 patients were identified. Using a different label, zones that looked suspicious but which did not correspond to PEs (false positives) were also annotated. Most of the physician-marked false positives were in veins or due to turbulent flow effects. Figure 10a shows a sagittal slice from a positive patient, with 3 PEs indicated by arrows. Figures 10b and 10c show a rendering of the arterial tree from the CT dataset shown in 10a. In 10b the mean value along the path to the arterial axis is used to color the corresponding surface patch. In 10c the 1 st quartile of values is used for the rendering.
The datasets were screened using the 1 st quartile representation (as shown in Fig 10c) due to its balance of sensitivity and noise. A PE candidate was counted for every large (several dozen voxels) patch of low HU values. We did not take into account small (less than a dozen voxels) isolated bright patches that corresponded only to partial volume effects in small subsegmental vessels. Fig 10d shows the results, where PE candidates are circled. Altogether, 19 out of 22, or 86% of the PEs could be very clearly distinguished. There were on average 2 false positives for every true PE, giving a positive predictive value of 33%. All the zones labeled by the radiologist as suspicious were also detected by our method. They corresponded to roughly half of the computer's false positives.
CONCLUSION
We presented a novel method for visualization of pulmonary embolism from high resolution computed tomography datasets. The traditional method of reviewing 3D data by examining adjacent 2D slices requires readers to simultaneously keep track of multiple arterial branches, examining each of them for clots. As ever smaller arteries can be visualized due to increasing data resolution, this task becomes more challenging for radiologists. The technique we present here condenses the volumetric information onto a surface map of the arterial tree, thus reducing the dimension of the visualization problem in an anatomically relevant way. Furthermore, the method is not limited to the detection of pulmonary embolism and could certainly be used to visualize the interior of intricate 3D shapes in other applications.
Preliminary clinical results are encouraging and a larger validation study is underway.
